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There have been numerous studies on measuring protein-protein interactions in
solution using a variety of techniques including membrane osmometry, sedimentation,
and static light scattering. Most of these techniques yield an osmotic second virial
coefficient. The osmotic second virial coefficient has been shown to be an important
parameter for protein crystallization. To date, there have been few fundamental
theoretical studies of estimating second virial coefficient values using conventional
models because of the diverse and complex nature of the potential of mean force. In the
present study, the variation of equine serum albumin interactions was measured with
respect to pH and ionic strength by light scattering methods to determine the second virial
coefficient and the electrophoretic mobility.

The main aim is to show the effect of the solution conditions on ESA interactions.
The experimental data from light scattering measurements for ESA are compared with
Derjaguin, Landau, Verwey and Overbeek (DLVO) model.
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CHAPTER I
INTRODUCTION

1.1

Protein crystallization
In recent years, demands for crystallographic data for proteins have increased due

to the requirements for new types of protein formulations and alternative methods of drug
delivery within the pharmaceutical industry [1-5]. In order to perform structure based
drug design, scientists need to know the three-dimensional structure of the proteins,
which is often studied via x-ray crystallography [6]. Therefore, an important step in the
process is to grow superior quality protein crystals. Producing a highly ordered protein
crystal has been a major goal for many crystal growers, and many protein molecules are
difficult to crystallize. Protein crystallization involves two major processes: nucleation
and crystal growth. Nucleation is the initial step in the crystallization process where
small nuclei containing clusters are formed. In this stage, protein molecules which are
dissolved in the solvent start to assemble into a small cluster. The nucleation of protein
molecules occurs relatively slowly at supersaturation in the solution. Supersaturation can
be achieved by altering different solution conditions such as buffer pH, temperature,
concentration and ionic strength [4]. If the clusters are stable, then they will form nuclei,
and if the clusters are not stable, then they will redissolve. The second stage of
crystallization is post-nucleation crystal growth. Crystal growth is the resulting growth
1

of the nuclei that succeed in achieving a critical cluster size. There are vast number of
solution factors that play an important part in crystal development, the morphology and
the quality of crystals. The optimal conditions are considered when preparing solutions,
since the driving force for nucleation and crystal growth is the degree of supersaturation.
Protein crystallization is mostly a trial and error method and remains an active
research field [7]. There is an obvious need for a fundamental understanding of the
mechanisms which control protein crystallization. The complicated process of protein
crystallization starts with the diverse strength of the forces that interact among the protein
molecules [8]. These forces depend on the solution conditions into which protein
molecules are dissolved.
The possibility to predict the conditions that promote crystallization was first
proposed by George and Wilson [2]. They suggested that in order to form protein
crystals, protein molecules must be dissolved into an optimum solution condition such as
pH, temperature, and ionic strength described by the osmotic second virial coefficient, B.
The B value depends on the protein-protein interaction in the solution. A necessary
condition for protein crystallization is where B lies in a very narrow range about -1.0 to 8.0 (x 10-4 mol• ml/g2) called the “crystallization slot” [2, 6, 9].

1.2

Protein-Protein interaction
Protein-protein interactions are tremendously important in biologically related

processes. The function of biological molecules inside cellular structures depends on
their noncovalent interactions with other molecules [9]. Interactions between biological
2

molecules have been shown to play a fundamental role in various physical procedures,
including crystallization, viscosity, aggregation, and solubility [9]. At the present date,
there have been only a few fundamental theoretical models for estimating protein-protein
interactions [10]. These theoretical models are not useful for concentrated protein
solutions because of the diversity and complex nature of intermolecular forces between
two protein molecules. The intermolecular force between two protein molecules in
solution is described by the potential of mean force, W(r) [11-14]. Therefore,
understanding the forces that control protein-protein interaction requires a good
knowledge of W(r) [13]. The potential of mean force between protein molecules can be
calculated or experimentally measured [15]. Interactions between protein molecules in
aqueous solutions can be measured by using a variety of techniques including membrane
osmometry [16], sedimentation equilibrium [17], self-interaction chromatography [18],
small angle X-ray scattering (SAXS) [14], and static light scattering (SLS) [1-4,19].
Most of the techniques mentioned above yield an osmotic second virial coefficient, B.
The potential of mean force, W(r), between protein molecules is related to B by
equation 1 [17].
∞

B = 1/2 ∫ [1 – exp (-W(r)/ kBT] 4π r2 dr

[1]

0

where r is the center to center distance between two protein molecules (cm), kB and T are
the Boltzmann constant (1.38 x 10-23 J • K-1) and absolute temperature (Kelvin),
respectively.
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The forces that control protein-protein interactions include the electrostatic
repulsion force associated with surface charges carried by the protein molecule, the hardsphere potential related to the excluded volume between two protein molecules, chargecharge interactions, dipole-dipole interactions, charge-dipole interactions, dipole-induced
dipole interactions, and van der Waals interactions [14, 15, 20, 21].
It has been shown for many years that B is a very useful property to study the
interaction between the protein molecules in aqueous solutions [1, 3, 6, 19]. B
measurements can allow a screening of crystallization conditions which indicate
repulsive or attractive forces between protein molecules. If B is positive, then repulsive
interactions dominate and indicate a stable condition for the protein molecule [2]. If B is
highly negative, then the strong attractions between the protein molecules lead to
aggregation, and therefore the condition is referred to as not stable. A B value of zero
indicates the solvent is a theta or ideal solvent. In the theta solvent condition, the
interaction strength between the protein molecules and the solvent is equal to the
interaction strength between protein molecules.

1.3

DLVO theory
DLVO theory was developed in 1940 by Derjaguin, Landau, Verwey, and

Overbeek. The theory describes the forces interacting between the liquid medium and
the surface charges of the protein molecule [14, 22]. The final potential of DLVO theory
is the sum of attractive and repulsive components:
W(r) = W vdW (r) + W H.S (r) + W elec(r)
4

[2]

where r is the center to center separation distance between two protein molecules. The
short range attraction between the molecules is expressed by the van der Waals potential
(W vdW (r)) and the repulsions correspond to the hard sphere contribution (W H.S (r)) and
the electrostatic interaction (W elec (r)) between two protein molecules.
The attraction between two protein molecules is dominated by the van der Waals
potential. The van der Waal attraction is expressed as [4]:
W vdW (r) = -AH/12 [(x2 / (r2 - x2)) + (x2/r2) + 2ln ﴾r2 -x2 / r2)]

[3]

where AH is the Hamaker constant, x is the diameter of the protein and r is the center-tocenter separation distance between two proteins. The van der Waals potential is
proportional to Hamaker’s constant and is always attractive between two similar proteins.
Hamaker’s theory is based on the London- dispersion force; the force is sometimes called
an induced dipole- induced dipole attraction. For globular proteins Hamaker’s constant
value is ~3-10 kBT [16].
The hard sphere potential, W H.S (r), refers to an excluded volume contribution
which prohibits the protein molecule from overlapping another protein molecule since
WH.S (r >2a) =0 where a stands for the radius of the protein molecule. The hard sphere
contribution to B is easily calculated and generally given by
B H.S = 4 V = 4 ((4/3) π a3)
= (16 π a3/3)
and the unit for B H.S is cm3.
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[4]

The very last component of DLVO theory corresponds to W elec (r) which is the
repulsive electrostatic interaction between two protein molecules due to a double-layer of
counter ions and is expressed as [17]
W(r) /kBT = Z2lB • [exp (-κ(r-2a))] / r (1+κa)2

[5]

where r is the center-center distance between two protein molecules, Z is the net electric
charge on the protein molecule, a is the radius of the molecule, and lB is Bjerrum’s length
for the solvent and expressed as:
lB = e2 / 4π ε◦ D◦ kBT

[6]

For water at room temperature, lB is 0.71nm [18, 25], e is the elementary charge, and κ is
the Debey-Huckel inverse screening length of the electrolytic medium, given by:
κ= (2e2N◦I/ ε◦ D◦ kB T)1/2

[7]

where
e is the elementary unit charge (C)
N◦ is Avogadro’s number (mol-1)
I is the ionic strength of the medium (mol· L-1)
D◦ is the dielectric constant of the medium
kB = the Boltzmann constant (J· K-1)
T is the absolute temperature (K)

εо is the permittivity of vacuum (C2· J-1 m-1)
According to DLVO theory, the addition of salt increases the ionic strength of the
medium and screens the particle charges. At a higher ionic strength protein-protein
6

interaction becomes stronger and gives rise to a van der Waals attraction potential.
Under low ionic strength medium, the van der Waals attraction is almost negligible [1,
17].

1.4

Laser light scattering
Laser light scattering (LLS) techniques are used for measuring properties of

macromolecules such as molecular weight and size in aqueous solutions. LLS techniques
are very useful for measuring interaction between protein molecules. In all laser light
scattering techniques, the fundamental arrangements are similar. A laser (He-Ne or Ar
laser) beam is focused on an optically transparent cell containing the protein sample. A
large amount of the laser light passes straight through the sample and only a small portion
of the light is scattered. The scattered light intensity is measured at an angle relative to
the incident laser beam using a photomultiplier or photodiode detector [18].

1.4.1

Static light scattering
Static light scattering (SLS) is a non-invasive technique and is mainly used for

characterizing protein molecules in dilute solutions. In this technique the beam of light
from the laser passes straight through the protein sample. The intensity of the light
scattered by the protein molecule is commonly measured at a 90o angle. SLS is the study
of time average intensities of the scattered light as a function of sample concentration.
From the intensity of light scattered one can determine the average molecular weight and

7

the second virial coefficient, B, of the protein molecules using the Debye equation [5]
shown in equation (8).

Kc/R90= 1/M + 2Bc

[8]

where K=optical constant
K= 4π2ηо2(dn/dc)2/Nоλ4

[9]

c = concentration of protein molecule (g·mL-1)
ηо= refractive index of the solvent
dn/dc = refractive index increment (mL ·g-1)
λ = wavelength of incident light (cm)
Nо=Avogadro’s number (6.022x1023 mol-1)
M = molecular weight of the protein (g· mol-1)
B= second virial coefficient (mol· mL·g-2)
R90= Rayleigh’s ratio of scattered to incident light intensity at 90о angle (cm-1)
By preparing several solutions of different protein concentration and measuring
the scattered light intensities, the Debye plot is generated. The plot of Kc/R90 should be
linear with the protein concentration with the intercept equal to 1/M and B can be
determined from the slope. Figure 1.1 shows the block diagram for a typical static light
scattering experiment.
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SLS
Detector
Scattered Light

Monochromatic
Light Source

Incident
Light

900

Sample Cell

Figure 1.1 Schematic diagram of static light scattering instrument.
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1.4.2 Dynamic light scattering
Dynamic light scattering (DLS) was first introduced in the early 1960. DLS is
also known as quasi elastic light scattering (QELS) or photon correlation spectroscopy
(PCS). DLS is a non-invasive technique mainly used for measuring particle sizes from
nanometers to micrometers in scale. Polydispersities due to aggregation can also be
estimated. The technique is used when small particles in suspension undergo Brownian
motion. When a monochromatic source of laser light hits the particle, light will be
scattered at a slightly different frequency than the incident beam due to particle motion.
The shift in light frequency is related to the size of the particles causing the shift. Due to
the fact that smaller particles have higher average velocity, when laser light hits smaller
particles it causes a greater shift in the light frequency than larger particles. This change
in frequency is related to the size of the particle. Figure 1.2 shows the schematic diagram
of dynamic light scattering instrument.

10

Figure 1.2 Schematic diagram of dynamic light scattering instrument.
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In DLS, intensity fluctuations due to particle Brownian motion are measured. The
Brownian motion is governed by the diffusion coefficient of the particle. To determine
the radius of the particle from the diffusion coefficient the Stoke-Einstein relation is used
[23].
D=kBT/6πήa

[10]

D= diffusion coefficient (cm2·s-1)
a= radius of the particle (cm)
kB= Boltzmann constant (J·K-1)
T= temperature (K)
ή= solvent viscosity (g cm-1 s-1)

1.4.3

Electrophoretic light scattering
Electrophoretic light scattering (ELS) is a well known technique for measuring

the electrophoretic mobility of biological molecules such as proteins and colloidal
particles. The method is used to obtain mobilities through Doppler shifts in the scattered
light by measuring the frequency shift of radiation scattered by the sample. In this
method, a coherent light source is used as incident light to illuminate suspended particles
in dilute solution. In an applied electric field charged particles migrate towards either the
anode or cathode depending on the particle’s net charge. Positively charged ions move
towards the cathode whereas negatively charged ions move towards the anode.
The electrophoretic mobility depends on particle properties such as surface charge
density and also on solution properties such as ionic strength, electric permittivity,
12

temperature, viscosity and dielectric constant. The definition of the electrophoretic
mobility is electrophoretic velocity (V) per unit electric field (E) and is given by Equation
(11). The SI unit for electrophoretic mobility are m2/V•s. Figure 1.3 shows a schematic
of the ELS instrument.
µ= V/E

[11]

The Debye Huckel equation relates mobility to the net charge, Z, of the protein by
[10].
µ = Ze•107/ 6πήa (1+ κa)

[12]

where µ is the electrophoretic mobility (cm2 / V•s), Z is the net charge, e is the unit
charge (1.609 x 10-19 Coulombs), a and ή are the protein radius (nm) and solvent
viscosity (poise), respectively. The inverse of the Debye Huckel screening parameter
κ(cm-1) is used to estimate the thickness of the electrical double layer. The value of κa
indicates the ratio of protein radius to electrical double layer thickness. The DebyeHuckle equation is useful for particles with κa values larger than about 25 [10]. Very
large polymers usually have a κa value larger than 25, but most of the globular proteins
have κa values around 5 [10]. Therefore the Debye-Huckle equation works best for large
polymers and not for globular proteins. Henry made a slight change to the Debye-Huckle
equation in 1931 when he introduced the Debye-Huckel-Henry equation which works
better for proteins.
µ = [Z e 107 • f (κa) / 6πήa (1+κa)]

[13]

f (κa) is Henry’s function and varies from 2/3 to 1 and the value of f (κa) depends
on the magnitude of κa [10]. Once the electrophoretic mobility value for a protein is
13

determined by ELS, the net electrical charge, Z, can be estimated by rearrangement of
Equation (13).
Z = [µ • 6πήa (1+κa) / e •107 f (κa)]

[14]

By inserting the net charge, Z, in equation 5, it is possible to calculate the repulsion
electrostatic potential, W elec (r). Once the total interaction potential W (r) is known, it is
straightforward to calculate the osmotic second virial coefficient using equation 1.

14

Figure 1.3 Schematic diagram of electrophoretic light scattering instrument.
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CHAPTER II
EXPERIMENTATION
The static light scattering (SLS) and the electrophoretic light scattering (ELS)
measurements were performed on equine serum albumin (ESA) to determine the second
virial coefficient (B) and electrophoretic mobility. The measurements were performed
as a function of pH and ionic strength. ESA is a globular protein and is found in horse
blood plasma. It has a molecular weight of 64,000 Da with a radius of 3.8 nm. The
isoelectric point of the ESA molecule is around 5.2.

2.1

Reagents
The sources of the reagents used and purities were as follows: ESA 99% (Biocell

Co. EAK01), glacial acetic acid 99.7% (Fisher Scientific Co., A38), sodium hydroxide
97% (Fisher scientific, A702), sodium phosphate, monobasic 99.6% (Fisher Scientific
Co., 946068), sodium phosphate, dibasic 100% (J. T. Baker Chemical Co. 24468),
sodium chloride, 99.5% (Sigma, 91K1456). The water was distilled then filtered using a
UQANTUM EX Ultrapure Organex Cartridge (Millipore).

16

2.2

Solution preparation
There were two types of solutions prepared to make SLS and ELS measurements

on ESA. The first solution was prepared for various pH measurements and a second
solution was prepared for increasing ionic strength measurements at a fixed pH.
The solutions chosen for studying pH effects for ESA were prepared by adding
6.0 g of glacial acetic acid to 900 ml of distilled water and filling to the mark of a 1L
volumetric flask. Another solution was prepared by dissolving 4.0 g of NaOH tablets in
900 ml of distilled water and filling to a 1L mark. A NaAc/HAc buffer was made by
titrating the HAc solution with the NaOH solution to a desired pH. There were five pH
solution studied for ESA: 3.8, 5.2, 7.6, 10.0, and 12.0. The pKa for sodium acetate buffer
is 4.8 so the buffering range for NaAc/HAc buffer is from 3.8-5.8. The highest three pHs
(7.6, 10.0 and 12.0) are not considered as a buffer. The final pH of the solution was
measured with pH meter.
The buffer chosen to study the effects over a range of ionic strength for ESA was
a 0.1M sodium phosphate buffer at pH 7.6. There were two separate solutions prepared
to make the 0.1 M phosphate buffer. The first solution was a 0.1M monobasic stock and
a second solution was a 0.1M dibasic stock. The 0.1M phosphate buffer was made by a
titrating monobasic solution into the dibasic solution to pH 7.6. The final pH of the
buffer was then measured with a pH meter. To change the ionic strength of the buffer, an
appropriate amount of sodium chloride (0.1M and 0.2M) was added to the 0.1 M
phosphate buffer.
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2.3

Purification

Prior to light scattering measurements, ESA was purified by size exclusion
chromatography with a Hi load 16/60 Superdex 200 HR (16mm x 620mm) size exclusion
column (Pharmacia Biotech). The column was attached to a BioCAD SPRINT perfusion
chromatography system and Gilson FC 205 fraction collector. The mobile phase was
0.1M HAc/NaAc buffer at pH 5.2. The flow rate was set to 1.5 ml/min, and 1.2 ml of
ESA solution at 35 to 40 mg/ml was injected.

The ESA monomer fractions were

collected and oligomer fractions were discarded. The collected monomer fractions were
concentrated using an Amicon concentrator with ultrafiltration membrane (10 kDa cut
off).

2.4

DLS Measurements
The molecular size homogeneity of the purified and concentrated protein

solutions of ESA monomer were checked by DLS.
The ESA concentrated stock solution was diluted to about 1 mg/ml using the
0.1M HAc/NaAc buffer.

The diluted solution was then filtered manually with a

disposable syringe attached to a 0.22 um filter. The final protein concentration of the
diluted solution was determined using a UV spectrophotometer and A (1 mg/ml, 280 nm,
1 cm) = 0.54 for ESA [2].

2.5

ESA studied at various pH conditions
Five pH solutions were chosen to study ESA in a HAc/NaAc solution: 3.8, 5.2,

7.6, 10.0, and 12.0.

A dialysis method was used to exchange the buffer from
18

concentrated monomer fractions.

A Slide-A-Lyzer Dialysis Cassette (3,500MWCO)

from Pierce Chemical Company was used to exchange the buffer. The cassette was
hydrated for 1 minute in the dialysis buffer before the sample was injected. By hydrating
the cassette, it increased the flexibility of the membrane, and it also regulated the positive
pressure when the sample was added. Once the sample was injected into the cassette, it
was immersed into the dialysis buffer for more than 24 hours. The final pH of the
dialyzed solution was checked by a pH meter and the homogeneity of the solution was
checked by DLS.

2.5.1

Measurements of electrophoretic mobility
Measurements of electrophoretic mobilities were performed using a Zetasizer

3000 made by Malvern Instruments, UK. The instrument is designed to measure the
mobility of particles that range in size from 10nm to 30um over a pH range from 2 to 12.
Prior to measurements, ESA solutions obtained from dialysis were filtered through a
PVDF durapore filter (0.22 um) and then degassed. The concentration of the ESA
solutions was measured with a UV spectrophotometer and was typically around 10
mg/ml. The protein solutions were filtered into the sample cell with the help of a
peristaltic pump. A 0.22 um PVDF filter was attached to minimize the dust particles and
air bubbles from the solution. The rectangular glass capillary cell with a height of 1mm,
a length of 5mm and a width of 2mm was used to measure electrophoretic mobilities. A
10 mW He-Ne laser at 633nm illuminated the sample, and the scattered light from the
sample was collected at a fixed (12o) angle using a photomultiplier tube (PMT). The
electrophoresis system was coupled with the appropriate electrode blocks at both ends of
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the cell to which a potential was applied (200V/cm – 400V/cm). The temperature was set
to 25 degrees Celsius. Electrophoretic mobilities of the ESA solutions at various pH
conditions were taken with an average of five measurements.

2.5.2

Measurements of second virial coefficient
For the measurements of B for ESA at various pH conditions, SLS was used and

the experiments were carried out on a Viscotek Right Angle Laser Light Scattering
(RAALS) detector. The scattering cell was a flow cell with a cell volume of 12uL. A
protein stock solution was prepared to approximately 3.0 mg/ml. Before the protein
solution was injected into the cell, the buffer (solvent) was filtered manually with a 0.22
PVDF Durapore filter and injected into the cell. The intensity of the scattered light by
the buffer (baseline) should be noted and should remain constant. Then, protein solutions
of several well-known concentrations ranging from 0.5 – 3.0 mg/ml were injected.

B

values were obtained by treating the data accordingly to equation (8).

2.6

ESA studied at various ionic strength
Increasing ionic strength measurements were made with the 0.1 M sodium

phosphate buffer at a constant pH of 7.6. Three different ionic strength solutions were
chosen: 0.360M, 0.460M, and 0.560M, respectively. The appropriate amount of sodium
chloride salt was added to the phosphate buffer before making measurements. The SLS
and ELS measurements were conducted as described above.
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CHAPTER III
RESULTS AND DISCUSSIIONS

3.1

Results of purification for ESA by size exclusion chromatography
The mobile phase chosen for size exclusion chromatography was 0.1 M

HAc/NaAc at pH 5.2. The ESA solution was filtered and injected into the perfusion
chromatography column (see section 2.3). Excellent separation between monomer and
oligomer peaks was achieved as shown in figure 3.1. The UV absorbance was measured
at 276 nm. According to figure 3.1, 19 fractions were collected. Fractions numbered 8,
9, 10, and 11 represent oligomer fractions, and fractions numbered 14, 15, 16, 17, and 18
represents the purest fractions of the monomer. Monomer fractions were pooled and
concentrated, and the remaining fractions were discarded.
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Figure 3.1

Size exclusion chromatogram for ESA with the eluent 0.1M HAc/NaAc
buffer at pH = 5.2.
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3.2

Results from DLS measurements

Pure and homogeneous ESA monomer is desirable prior to making light scattering
measurements. Therefore, the homogeneity of the concentrated ESA monomer in the
SEC mobile phase buffer was examined by DLS. The histogram consisting of one major
peak was observed from the DLS measurement and is shown in figure 3.2. The DLS
histogram of particle size distribution is symmetrical and narrow. This result indicated
that the ESA sample consisted of molecules with a size of ~63.8 kDa and a radius of 3.8
nm. Leis, et al. has reported the result for human serum albumin (HSA) radius of 3.7 nm
and molecular weight of 67,500 Da [26]. In addition, Demoruelle, et al. has obtained
similar results of ESA with a radius of 3.8 nm and molecular weight of 64kDa [2]. Thus,
the DLS measurements confirmed that the SEC purification was successful.
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Figure 3.2 Histogram of DLS measurement for ESA monomer with 0.1M HAc/NaAc
buffer at pH = 5.2.
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3.3

Results for ESA studied at various pH

3.3.1

Effects of pH on electrophoretic mobility for ESA
The electrophoretic light scattering (ELS) experiments for ESA monomer were

performed to show the effect of pH on electrophoretic mobility. The mobility
measurements were taken at five different pH conditions. Figure 3.3 shows a plot of
electrophoretic mobility versus pH in 0.1M HAc/NaAc solution at 25oC for ESA. From
the ELS measurements, an approximation of the isoelectric point (pI) for ESA was
obtained. The isoelectric point is the pH at which the protein molecule carries equal
amounts of positive and negative charges. As is shown in figure 3.3, the pI is where the
curve passes through zero mobility. The interpolated value at zero mobility is observed
at pH ~5.1. The pI value obtained from ELS measurements is in reasonable agreement
with the literature value which was found to be at pH=4.9 [26, 27]. Another similar
result was obtained by Peng, et al. who have reported pI at pH= 4.7 for BSA [28]. From
the plot, it is apparent that at pH conditions below the pI, the electrophoretic mobility is
positive, and at pH conditions above the pI, the electrophoretic mobility is negative.
Hence, the ESA molecule carries a net positive charge below the pI, and net negative
charge above the pI. The plot also confirms that the mobility changes gradually from
positive to negative values with increasing pH. Since the κa values for ESA are around
5 in 0.1M HAc/NaAc solution, the net electrical charge (Z) has been estimated from the
electrophoretic mobility using Debye-Huckle -Henry equation (14). As is illustrated in
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table 3.1, the net charge on the protein molecule is strongly dependant on the pH of the
solution, changing from +11 at pH 3.8 to -78 at pH 12.0.
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Figure 3.3 Effect of pH on the electrophoretic mobility for ESA in a 0.1M HAc/NaAc
solution at 25oC.
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Table 3.1
ELS measurements for ESA as function of pH in a 0.1M HAc/NaAc solution

pH

Electrophoretic
mobility
x 104 (cm2/Vs)

κ x 10
(cm-1)

Net
electrical
charge, Z

3.8

0.84 ± 0.03

0.33

+11

5.2

-0.09 ± 0.01

0.74

-1

7.6

-0.67 ± 0.01

1.03

-18

10.0

-1.4 ± 0.1

1.04

-41

12.0

-2.60 ± 0.1

1.09

-78

-7
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B x104
(mol• ml/
g2)
8.4 ±.2

1.7 ±.1

2.3 ±.1

4.8 ±.1

9.9 ±.1

3.3.2

Effect of pH on the osmotic second virial coefficient for ESA
The static light scattering results are shown as a Debye plot in Figure 3.4 for ESA

at pH=3.8. The Debye plots for the other pH’s are in Appendix B. From the slope of the
plot, B is estimated to be 8.4x10-4 (mol•mL/g2). A plot of B versus pH is shown in figure
3.5 and the B values are listed in Table 3.1. From figure 3.5, it is apparent that B goes
through a minimum value at the pI of 5.2. This is consistent with the fact that proteinprotein repulsions are minimized when the net charge approaches zero. This is especially
true in a low ionic strength medium where repulsions are not effectively screened by the
presence of salts.
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Figure 3.4 Debye plot for ESA in 0.1M HAc/NaAc solution at pH=3.8.
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Figure 3.5 Effect of pH on the osmotic second virial coefficient for equine serum
albumin in a 0.1M HAc/NaAc solution at 25oC.
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3.4

Results for ESA studied at a various ionic strengths
Ionic strength can affect the protein molecules in several ways depending on the

pH, the nature of salt, and the salt’s concentration. The solution chosen to study ESA at
various ionic strengths was 0.1M phosphate buffer at pH =7.6 with various NaCl salt
concentrations: 0.0M, 0.1M, and 0.2M.

3.4.1

Effect of ionic strength on electrophoretic mobility for ESA
The experiments on ESA monomer were performed to show the effect of ionic

strength on electrophoretic mobility. The mobility measurements were taken at three
different ionic strengths and a plot of electrophoretic mobility vs. ionic strength is shown
in figure 3.6.

The ESA molecule carries a net negative charge at pH= 7.6 since it is

above the pI. The results from figure 3.6 show that the magnitude of electrophoretic
mobility decreased with increasing ionic strength of the solution.
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Figure 3.6 Effect of ionic strength on the electrophoretic mobility for ESA in a
0.1 M phosphate buffer with NaCl, pH=7.6 and 25oC.
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The inverse Debye length, κ, and the apparent electrical charge (Z) have been
calculated for all ionic strength solutions from the electrophoretic mobility for ESA using
the Debye-Huckle-Henry equation (14) and the values are presented in table 3.2. Sample
calculations for ionic strength, inverse Debye length and Z at a 0.360M condition are
shown in Appendix C. The magnitude of the apparent charge (Z) systematically became
smaller with increasing ionic strength of the solution. The Debye length decreases with
increasing ionic strength of the solution, since more ions are present to screen protein
interactions at higher salt concentration [21].

The calculated results in table 3.2 show

that at a moderate ionic strength I~0.360 (0.0M NaCl salt concentration) the effective
charge on the protein was maximum.

At higher salt concentrations (0.460M and

0.560M), the effective charge was reduced due to the shielding effect of the stronger ion
atmosphere [9, 12].
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Table 3.2
Data from the ELS measurements for ESA as function of ionic strength in a 0.1M
phosphate buffer with NaCl salt concentration and pH=7.6 at 25oC.
Ionic Strength
(M)

Electrophoretic
mobility
x 104 (cm2/Vs)

κ x 10-7(cm-1)

Apparent
Charge (Z)

0.360

-0.76 ± .02

2.0

-38

0.460

-0.29 ± .06

2.2

-16

0.570

-0.09 ± .05

2.5

0
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B x104
(mol• mL/ g2)
1.4 ±.1

0.3 ±.2

-0.2 ±.2

3.4.2

Effect of ionic strength on osmotic second virial coefficient for ESA
The static light scattering results are shown as a Debye plot in figure 3.7 for ESA

in 0.360M ionic strength solution. The Debye plots for the other ionic strengths are in
Appendix D. The intercept corresponds to the reciprocal of the average molecular weight
for ESA (64 kDa). From the slope of the plot, B is estimated to be 1.4x10-4 mol·mL/g2.
By increasing the ionic strength of the solution, the slope of the curves decreases, and
therefore the B decreases as well. The effect of ionic strength on B is more clearly
visible in figure 3.8, where the B for ESA is plotted versus the ionic strength of the
solution. The results show that B decreases from positive values to negative values as the
ionic strength of the solution increases. As shown in figure 3.8, for ionic strength less
than 0.460M, the B values are slightly positive. This implies ESA-ESA interactions are
slightly repulsive. As the ionic strength of the solution increases to 0.560M, the B value
gradually becomes negative, so the attractive forces between ESA-ESA interactions
become more evident. With increasing ionic strength of the medium, the strength of the
repulsion interaction decreases due to the screening effect of ions, and as a result the
attractive force is observed to play an important role [5]. According to the literature, at a
higher ionic strength solution, the protein-protein interaction is dominated by the
attractive interactions [4, 5, 22].
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Figure 3.7 Debye plot for ESA in a 0.1M phosphate buffer in 0.0M NaCl salt solution
(I = 0.360) and pH= 7.6 at 25oC.
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Figure 3.8 The effect of ionic strength on the osmotic second virial coefficient for equine
serum albumin in a 0.1 M phosphate buffer and pH=7.6 at 25oC

38

3.5

Comparison of osmotic second virial coefficient with the theoretical models
The results of osmotic second viral coefficient (B) measurements have been

analyzed using classical DLVO theory. As shown in equation 1, B is determined by the
interaction potential, W(r). The total interaction potential is generally represented as the
sum of excluded volume (hard sphere), electrostatic repulsion and van der Waals
attraction contributions so that W(r) = W

H.S

(r) + W

elect

(r) + W

vdw

(r), where r is the

center-center separation between two molecules. By carefully selecting experimental
solution conditions, the relative contributions of the W elect (r) and W vdw (r) terms can be
verified. For example, at low ionic strength conditions (≤0.1M) the W

elect

(r) will

dominate the pair potential [1, 6, 17]. Alternatively, at higher ionic strength conditions
(>0.1M), the ion atmosphere surrounding each protein molecule effectively screens the
electrostatic repulsions so that the short range van der Waals attractions will dominate.
The following discussion will emphasize the results obtained at low ionic strengths as a
function of pH where the W elect(r) term dominates and the results obtained at high ionic
strengths, where the W vdW(r) term dominates.

3.5.1

Theoretical B as a function of pH
Two models were used to estimate B values at various pH conditions. The ionic

strength was kept low so only the hard sphere and electrostatic repulsion contributions
were considered. The first model was given by [17]
∞

B = (16 π a /3) + ∫ [1 – exp (-W(r)/ kBT] 4π r2 dr
3

2a
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[15]

The first term in equation (15) is the hard sphere contribution to B where the radius a =
38Å for ESA. The calculated value for BH.S = 9.2x105 Å3 or in more traditional units
BH.S= 1.35x10-4 (mol•ml/g2). The second term represents the electrostatic repulsion
contribution to B, where r is the center to center distance.
Figure 3.9 shows the electrostatic interaction, according to equation (5), between
ESA as a function of separation distance (r) at low ionic strength solution at pH=7.6. The
vertical dashed line is at a separation distance of 2a=76Å. The plot shows that the ESAESA interaction is highly repulsive, and as the separation distance (r) increases the
electrostatic interaction approaches zero. A sample calculation is shown in Appendix E.
When the pH is away from the isoelectric point and at low ionic strength, the interactions
between protein molecules are dominated by repulsion [11]. In dilute electrolyte
solutions, proteins are mostly hydrated and layers of water molecules are tightly bound to
protein molecules, so there is minimum attraction between protein molecules and
repulsion dominates [1, 7, 17].
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Figure 3.9 Electrostatic interaction versus separation distance (r) for ESA in 0.1 M
HAc/NaAc solution at pH=7.6 using equation (5).
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The B value for W elect(r) contribution, which refers to the 2nd term in equation
(15), was calculated by two ways in 0.1M HAc/NaAc solution at pH=7.6: graphical
integration and numerical integration. The limit on both of integrals was set to 2a
→150Å, where a is the radius of ESA (38Å). The graphical integration was performed to
check the accuracy of numerical integration. The integrand (graphical integration)
calculated for the electrostatic component is shown in figure 3.10. The area under the
curve in figure 3.10 was found to be 4.1x105Å3/molecule. In comparison, the output
from the numerical integration was 4.4x105Å3/molecule. Since the values estimated from
both integration methods were in reasonable agreement with each other, numerical
integration was chosen to estimate all remaining B values for pH dependence. The
conversion factor (Å3/molecule) to (mol• mL/ g2) is to multiply by [(6.02x1023 (molecule/
mol) • (10-8cm)3) / (Å3) • (64000g/ mol)2)]. The B values for electrostatic contribution
from the numerical integration are tabulated in table 3.3 and the sample calculation for B
is shown in Appendix F.
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Figure 3.10 Integrand of second virial coefficient from equation (15) including only the
electrostatic potential versus the separation distance (r) for ESA in 0.1 M
HAc/NaAc solution at pH=7.6.
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The second theoretical model used to estimate B values at various pH conditions
is given by
B = (16 π a3/3) N◦ /M2 + [Z2 (1+2κa)/4IM2 (1 + κa)2 ]x1000

(16)

The above equation was used by Winzor et al. to study the protein-protein interaction
with sedimentation equilibrium for a globular protein in sodium acetate buffer [1]. The
first term in equation (16) refers to “hard sphere” and the second part refers to the
electrostatic contribution. N◦ is Avogadro’s number, a is the radius of the protein, Z is the
net charge on the protein, I is the ionic strength of the solution, M is the molecular weight
of the protein and κ is the inverse of the Debye length. Since equation (16) is a closed
form solution, by simply inserting the variables, B values for electrostatic contributions
were calculated. The calculated B values are tabulated in table 3.3 and a sample
calculation is shown in Appendix G.
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Table 3.3
Measured and calculated B values for ESA as a function of pH.
Calculated
B x104
(mol• mL/g2)
from equation
16

pH

Electrophoretic
mobility
x 104 (cm2/V•s)

Net
charge
(Z)

Experimental
B x104
(mol• ml/ g2)

Calculated
B x104
(mol• mL/g2)
from
equation 15

3.8

0.84 ± 0.03

11

8.4 ± .2

4.5

8.0

5.2

-0.09 ± 0.01

-1

1.7 ± .1

1.4

1.4

7.6

-0.67 ± 0.01

-18

2.3 ± .1

2.0

2.1

10.0

-1.4 ± 0.1

-41

4.8 ± .1

3.0

5.1

12.0

-2.6 ± 0.1

-78

9.9 ± .1

4.6

14.0
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3.5.2

Comparison between the calculated and theoretical B values at various pH
conditions for ESA
Figure 3.11 shows the comparison between the experimental and calculated B

values (using equations 15 and 16) at various pH at low ionic strength conditions. It is
evident that the model using Equation (16) agrees very well with experiment except at the
higher pH. On the other hand, the B values calculated via equation (15) are consistently
lower than the experimental results. When the pH is equal to the pI, the B value
decreases to a minimum but remains positive so that the ESA-ESA interaction is
dominated by the hard sphere interaction. This compares well with the experimental
result by SLS. Jose at el. studied BSA using Atomic Force Microscopy (AFM), and
found that when the pH is near the pI, the electrostatic interaction is negligible and only
the hard sphere repulsion is observed [11].
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Figure 3.11 Comparison between the experimental B data and the calculated values
without attractive potential for ESA as a function of pH. The open circle
symbols denote experimental results made from static light scattering
measurement in a 0.1M HAc/NaAc solution at 25oC. Open triangle
symbols denote results from theoretical DLVO model using equation 15.
The open square symbols denote results from theoretical DLVO model
using equation 16.
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3.5.3

Theoretical B as a function of ionic strength
DLVO theory was used to calculate B under various ionic strengths. At moderate

to high ionic strength, the short-range attraction from the van der Waals contribution is
very important [2]. The total potential is the sum of all three contributions from DLVO
theory represented as: W(r) = W

H.S

(r) + W

elect

(r) + W

vdw

(r). The van der Waals

potential given by equation (3) is proportional to the Hamaker constant which depends on
the protein size and the medium in which the protein is dissolved [6, 15]. For globular
proteins, the Hamaker constant varies between 3-10 kBT [9, 20].
Figure 3.12 shows the integrand of the second virial coefficient for both the
electrostatic repulsion potential, W

elect

(r), and attractive van der Waals potential, W vdw

(r), as a function of the center-to-center separation distance for ESA-ESA in 0.460M
ionic strength solution. The W

elect

(r) was calculated using the second term in equation

(16), and W vdw (r) was calculated using equation (3). The Hamaker constant (AH) value
of 3 kBT and an integration cutoff value of 1.8 Å were used for these calculations.

48

Figure 3.12 Integrand of second virial coefficient from equation (16) including the
(Welect (r) and Wvdw(r)) versus the center-to-center separation distance (r) for
ESA in 0.1M phosphate buffer with 0.1M NaCl salt concentration
(I=0.460M) at pH= 7.6. The diamonds represent the calculation for the
electrostatic component and the circles represent the calculation for van der
Waals attraction. The value of the Hamaker constant (AH) was 3.0 kBT and
a cut-off value of 1.8 Å were used for these calculations.
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The curves in figure 3.12 illustrate that at 0.460M ionic strength, both the
repulsive force and the attractive force are observed. Figure 3.12 also shows that the
repulsive contribution to B, as judged by the area under the curves, is significantly less
than the attractive contribution. This is consistent with the fact that higher ionic strength
media tend to effectively screen electronic repulsion between protein molecules. Both
curves demonstrate that as separation distance (r) goes from 2a+1.8Å →150 Å, the
electrostatic interaction and the attractive interaction between ESA molecules drastically
decreases and approaches zero in value.

3.5.4

Comparison between the calculated and theoretical B values at various ionic
strength for ESA
The calculated B values tabulated for ESA in 0.1M phosphate buffer as a function

of ionic strengths are shown in Table 3.4. At a high ionic strength (I~0.560M), the
charges on the surfaces are totally screened, and therefore the net interaction can be
described by a hard sphere potential and van der Waals attraction potential, where B is ~
-0.7 x 10-4 (mol • mL/ g2) [5]. Figure 3.13 shows a comparison between the experimental
and calculated B values for the three ionic strength studies.
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Table 3.4
Measured and calculated B values for ESA as a function of ionic strength.
Ionic
Strength
(M)

Electrophoretic
mobility
x 104 (cm2/Vs)

Apparent
charge
(Z)

Experimental B
x104
(mol • mL/ g2)

Calculated
B x104
(mol • mL/g2)
from equations
3, 15 and 16.

0.360

-0.76 ± .02

-38

1.4 ± 0.1

-0.1

0.460

-0.29 ± 0.09

-16

0.3 ± 0.2

-0.5

0.560

-0.09 ± 0.05

0

-0.2 ± 0.2

-0.7
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Figure 3.13 Comparison between the experimental B data and the calculated values for
ESA as a function of ionic strength. The square diamond symbols denote
the experimental results made from static light scattering measurements in a
0.1 M phosphate buffer with NaCl solution and pH=7.6 at 25oC. The open
circle symbols denote results from the theoretical DLVO model.
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CHAPTER IV
CONCLUSIONS
There were three parts of this thesis: the first two parts of the thesis was to
measure B and electrophoretic mobility for ESA as a function of pH and ionic strength.
The final part was to show the comparison between measured B values and calculated B
values.
The light scattering results showed that the mobility decreased gradually from
positive to negative values with increasing pH and that the interactions between ESA
molecules were repulsive since the B values were positive at all the pH conditions
studied. For the ionic strength dependence study, the magnitude of electrophoretic
mobility decreased and B values decreased from positive to negative as the ionic strength
of the solution increased. Thus, the strength of the electrostatic repulsion interaction was
reduced due to the shielding effect of the charges. The theoretical B values calculated
from DLVO theory as a function of pH and ionic strength were in reasonable agreement
with the measurements made by static light scattering.
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APPENDIX A
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Sample calculation at pH=3.8 for the inverse Debye length (κ)
The analysis of the Debye length ( κ )
κ= (2e2N◦I/ ε◦ D◦ kB T)1/2
e = elementary charge (1.602 x 10-19 C)
N◦ = Avogadro’s number (6.02 x 1023 mo1-1)
I = ionic strength of the medium, molality (mol • kg-1)

ε◦ = vacuum permittivity (8.854 x 10-12 C2 J-1 • m-1)
D◦ = dielectric constant of the medium (79.3 at room temperature)
R = gas law constant (8.314 J mol-1•K-1)
kB = the Boltzmann constant (1.38 x 10-23 J • K-1)
T= absolute temperature (Kelvin)
By inserting all the units and values (for pH=3.8) into Debye length ( κ )
κ = [(2• (1.602 x 10-19 C)2•6.02 x 1023 mo1-1 •0.01mol L-1• 100cm•m-1)
/ (8.854 x 10-12 C2 J-1m-1 •79.3• 1.38 x 10-23 J • K-1 •298.15K• L-1•1000ml)]1/2
κ=[1.08x1013 (C2 • mol-1 •m-1• cm •mol •L-1)/(C2 • J-1m-1 J •K-1 • K •L-1•ml)]1/2
All the units for κ cancels except (cm•ml-1)1/2
1ml=1cm3
κ = 3.25x106 cm-1
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The sample calculation for net charge, Z, at pH =3.8
Z = µ • 6пήa (1+κa) / e •107 •f (κa)
µ = Electrophoretic mobility (cm2 •(V • s)-1 )
ή = solvent viscosity in Poise (g• (cm • sec) -1)
a= radius of the protein molecule (ESA =3.8x10-7cm)
κ = Inverse Debye length 3.25x106 cm-1 from the calculation at pH=3.8
κa= (3.25x106 cm-1 •3.8 10-7 cm)
κa=1.24
f(κa)= 2/3
Z = [(8.4x10-5 cm2 (V • s)-1 6п •8.9 x10-3 Poise • 3.8x10-7cm • 2.24)
/ (1.609x10-19 C• 107)] •3/2
Z = [(cm2 (V • s)-1 Poise • cm)/ ( C)]
Z = [(cm3 • Poise)/ (V • s C)]
Poise = g cm-1 s-1
C = [(107g • cm2 s-2) • (V) -1]
Z = 11.13[(g • cm3 •V • s2)/ (V • s• cm • s• g •cm2)]
All of the units cancel for net charge, Z.
Z = 11.13 at pH = 3.8

56

APPENDIX B
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The Debye plot for ESA in 0.1 M HAc/NaAc solution at pH= 5.2.
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The Debye plot for ESA in 0.1 M HAc/NaAc solution at pH=7.6.
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The Debye plot for ESA in 0.1 M HAc/NaAc solution at pH=10.0.
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The Debye plot for ESA in 0.1 M HAc/NaAc solution at pH=12.0.
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APPENDIX C
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Sample calculation of ionic strength for 0.1M sodium phosphate buffer with 0.0M NaCl
at pH= 7.6
I= ½ ∑CiZi2
[H2PO4]-1↔ [HPO4]-2 [H]+1
pH= pKa + log [HPO4]-2/[H2PO4]-1
7.6 = 7.2 + log [[0.1 +X] / [0.1-X]]
[X]= 0.04
[Na] = 0.1M
[HPO4 ]-2= 0.14M
[H2PO4 ]-1= 0.06M
I= ½ ∑ [0.1 x (1)2+0.06 x (1)2 +0.14 x (2)2]
I = 0.360M
The Sample calculation of the inverse Debye length ( κ ) at ionic strength = 0.360
κ= (2e2N◦I/ ε◦ D◦ kB T)1/2
e = elementary charge (1.602 x 10-19 C)
N◦ = Avogadro’s number (6.02 x 1023 mo1-1)
I = ionic strength of the medium (mol • L-1)

ε◦ = vacuum permittivity (8.854 x 10-12 C2 J-1 • m-1)
D◦ = dielectric constant of the medium (79.3 at room temperature)
kB = Boltzmann constant (1.38 x 10-23 J • K-1)
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T= absolute temperature (K)
By inserting all the units and values into reciprocal of Debye length ( κ )
κ = [(2• (1.602 x 10-19 C)2•6.02 x 1023 mo1-1 •0.360mol L-1• 100cm•m-1)
/ (8.854 x 10-12 C2 J-1m-1 •79.3• 1.38 x 10-23 J • K-1 •298.15K• L-1•1000ml)]1/2
κ=1.25x107[(C2 • mol-1 •m-1• cm •mol •L-1)/(C2 • J-1m-1 J •K-1 • K •L-1•ml)]1/2
All the units for κ cancels except (cm•ml-1)1/2
1ml=1cm3
κ=1.97x107 (cm• cm-3)1/2
κ = 1.97x107cm-1
The sample calculation for net charge, Z, at ionic strength = 0.360M
Z = µ • 6пήa (1+κa) / e •107 •f (κa)
µ = Electrophoretic mobility (cm2 • (V • s)-1)
ή = solvent viscosity in Poise (g/ (cm • sec))
a= radius of the protein molecule (ESA =3.8x10-7cm)
κ = inverse of Debye length (1.97x107 cm-1 ) at 0.360M
κa= (1.97x107 cm-1 •3.8x10-7 cm)
κa=7.5
f(κa)= 2/3
Z = [(-7.6x10-5 cm2 (V • s)-1 6п •8.9 x10-3 Poise• 3.8x10-7cm• 8.5)
/ (1.609x10-19 C• 107) •2/3]
Z = [(cm2 (V • s)-1 Poise • cm)/ ( C)]
Z = [(cm3 • Poise)/(V • s C)]
Poise = g cm-1 s-1
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C = [(107g • cm2 s-2) • (V) -1]
Z = -38 [(g • cm3 •V • s2) / (V • s• cm • s• g •cm2)]
All of the units cancel for net charge, Z.
Z = -38 at I = 0.360M
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APPENDIX D

66

The Debye plot for ESA in 0.1M phosphate buffer in 0.1M NaCl salt solution (I = 0.460)
and pH= 7.6 at 25oC.
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The Debye plot for ESA in 0.1M phosphate buffer in 0.2M NaCl salt solution (I =0.560)
and pH= 7.6 at 25oC.
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APPENDIX E

69

W(r) /kBT = Z2lB • [exp (-κ(r-2a))] / r (1+κa)2
Sample calculation for electrostatic interaction in 0.1M NaAc/HAc solution at pH 7.6
lB = Bjerrum’s length (7.1Å)
r = the center to center distance between two protein molecules (76Å)
a= the radius of ESA (38Å)
κ= inverse of Debye length (0.103Å-1)
Z= net charge of ESA (-18)
kB = the Boltzmann constant (1.38 x 10-23 J • K-1)
T= absolute temperature (K)
W(r) /kBT= 1.3
All of the units cancel for W(r) /kBT
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APPENDIX F

71

∞

B = (16 π a /3) + ∫ [1 – exp (-W(r)/ kBT] 4π r2 dr
3

2a

Sample calculation for B in 0.1M NaAc/HAc solution at pH=7.6
W(r) /kBT = Z2lB • [exp (-κ(r-2a))] / r (1+κa)2
κ= inverse of Debye length (0.103Å-1)
Z= net charge of ESA (-18)
lB = Bjerrum’s length (7.1Å)
2a = 76 Å
Belectr = (4.38x105) Å3 /molecule
BH.S = (9.19x105) Å3 /molecule
BH.S + Belectr = 1.36 x106Å3 /particle
B = 1.36 x106Å3 /molecule • [(6.02x1023 molecule • mo1-1)•(1x10-8cm)3• (Å)-3• (64000g
• mol-1)- 2]
B = 2.0x10-4 (mol • mL) • (g-2)
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APPENDIX G

73

B = [(16 π a3/3) N◦ /M2] + [Z2 (1+2κa) / 4IM2 (1 + κa)2 ]x1000
Sample calculation for B in 0.1M NaAc/HAc solution at pH=7.6
I= ionic strength of the solution ( 0.1 mol•L-1) at pH= 7.6
a=38 Å
κ= inverse of Debye length (0.103Å-1)
Z= net charge of ESA (-18)
By inserting all the variables in to above equation B is estimated.
B = [1.35x10-4 + 7.2x10-5] =2.07x10-4mol • ml •g-2
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